Introduction
At birth, blood from the umbilical cord and placenta (placental/ umbilical cord blood [PCB] ) contains sufficient concentrations of hematopoietic stem and progenitor cells to routinely reconstitute ablated bone marrow. [1] [2] [3] [4] [5] [6] [7] [8] [9] Engraftment speed, overall probability of engraftment, and disease-free survival correlate with the dose of total nucleated cells (TNCs), as well as progenitor cells, per kilogram of the recipient's body weight. [6] [7] [8] [9] [10] However, nucleated red blood cells (NRBCs) can represent a substantial proportion of the TNCs in cord blood. Thus, TNC counts in PCB units offered for transplantation may not accurately represent the white blood cell (WBC) content, which is presumed to be a more accurate measure of engraftment potential than the TNC count. In this study, we investigated the influence on engraftment of the presence of NRBCs in umbilical cord blood.
Study design

Collection of PCB
Since 1993, the Placental Blood Program of the New York Blood Center (NYBC) has collected, tested, processed, and cryopreserved PCB and provided units for transplantation to unrelated recipients. [2] [3] [4] 7, 9, 10 Approval was obtained from the institutional review board of the New York Blood Center. Informed consent was provided according to the Declaration of Helsinki.
Testing placental blood
Through May 2000, TNCs were enumerated with an H1 hematology analyzer (Technicon Instruments, North Chicago, IL). Thereafter, counts were done with a Sysmex XE-2100 instrument (Roche Diagnostics, Indianapolis, IN), which also enumerated NRBCs. NRBCs were also counted retrospectively, under code, on a smear of placental blood obtained at the time of PCB collection as the number of erythroblasts, proerythroblasts, and cytoplasm-free RBC nuclei per 100 nucleated cells. NRBC and WBC concentrations were then calculated from the respective TNC concentrations.
Hematopoietic colony-forming cells (CFCs) were assayed in a subset of PCB units from the start of the program through March 2000. 10 Beginning in January 2000, the absolute number of CD34 ϩ cells was measured in all units using a 
Patients and transplant study end point
By the end of September 2001, the Placental Blood Program of the NYBC had provided single-unit PCB transplants to 1112 patients (including 562 patients previously reported on). 7 NRBCs were enumerated manually on slides from all but 2 of 1111 PCB units given to these patients (2 patients shared one large unit and slides from 2 other units were unreadable). The transplant end point of interest for the current analysis was the speed of myeloid engraftment, which was defined as the time to achieve an absolute neutrophil count (ANC) of at least 500/L. 7 Transplant centers reported on the occurrence and timing of myeloid engraftment in 93% of patients.
Statistical analysis
Correlations between NRBCs and other blood or progenitor cells were assessed using the Spearman nonparametric correlation coefficient. 12 Time to achieve an ANC of at least 500 was estimated by using the Kaplan-Meier method, as previously reported. 7, 10, 13 In assessing the significance of associations between cell dose and time to engraftment, we used the log-rank statistic with multivariate analyses carried out by using Cox logistic regression under an assumption of proportional hazards (all analyzed variables included in the model). 14 All statistical analyses were done with SPSS software (version 10.1; SPSS, Chicago, IL).
Results and discussion
Frequency distribution of NRBCs and relation to TNCs, WBCs, and progenitors
The frequency distribution of NRBCs per microliter approximated a Poisson model. In an ethnically stratified subset of 1200 PCB units (300 each white, African-American, Hispanic, and Asian), the mean NRBC count was 1015/L (8.4/100 WBCs). The mean NRBC count for transplanted PCB units was somewhat higher (1424/L). In a subset of 248 PCB units tested by using the Sysmex XE-2100 (Roche Diagnostics, Indianapolis, IN), duplicate instrument counts of NRBCs were highly consistent (R 2 ϭ 0.994; P Ͻ .001), as was the correlation between triplicate manual counts and instrument counts (R 2 ϭ 0.805; P Ͻ .001).
NRBC count correlated with TNC count and with WBC count, although not as strongly (R 2 ϭ 0.21 and 0.07, respectively; P Ͻ .001 for each). NRBC count also correlated with CFC count (R 2 ϭ 0.22; P Ͻ .001) and CD34 ϩ cell count (R 2 ϭ 0.27; P Ͻ .001). These relations were stronger than those between WBCs and progenitors (CFCs, R 2 ϭ 0.16, and CD34 ϩ cells, R 2 ϭ 0.14; P Ͻ .001 for both comparisons). NRBC count correlated with granulocyte-macrophage or mixed-cell colony-forming units (R 2 ϭ 0.14 and 0.16, respectively; P Ͻ .001) but only weakly with the number of erythroid burst-forming units identified in culture (R 2 ϭ 0.025; P Ͻ .001).
Myeloid engraftment
Patient characteristics are shown in Table 1 . Data on time to reach an ANC of at least 500 were available for 1029 patients: 70% reached this end point, 90% by Kaplan-Meier analysis (80% by day 42 after transplantation). Time to reach an ANC of at least 500 correlated with the dose of TNCs, NRBCs, WBCs, and CFCs per kilogram of body weight ( Figures 1A, 1B, 1C , and 1D, respectively). In a multivariate model, both NRBC count and WBC count were significant predictors of the speed of myeloid engraftment (Table 2 ). When CFC dose was included in the model, however, only CFC dose was predictive of engraftment speed (odds ratio [OR], 2.7 [P Յ .001] for CFC dose Ն 100 ϫ 10 3 /kg; and OR, 1.8 [P ϭ .003] for CFC dose of 50-99 ϫ 10 3 /kg compared with the lowest dose category). When other factors reported to be related to engraftment speed (diseases associated with poor engraftment, HLA match, methotrexate prophylaxis for graft-versus-host disease, and whether the transplant center was in the United States) were included in the multivariate analysis, NRBC dose remained a significant predictor of time to reach an ANC of at least 500 (OR, 1.3 [P ϭ .033] for 2.0-3.9 NRBCs ϫ 10 6 /kg; and OR, 1. §Includes 33 patients with severe aplastic anemia and 51 with myelodysplasia. Results are from a Cox regression analysis. The analysis excluded 83 patients whose time to achieve an ANC of at least 500 was unknown, 2 patients whose NRBC dose was unknown, and 16 patients who died or relapsed before posttransplantation day 9, the day that the first patient had engraftment.
NUCLEATED RED CELLS IN CORD-BLOOD TRANSPLANTS 2663
BLOOD, 1 OCTOBER 2002 ⅐ VOLUME 100, NUMBER 7 For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From
The correlation between the concentration of NRBCs and hematopoietic progenitors, measured as either CFCs 15 or CD34 ϩ cells, probably accounts for the unexpected correlation between NRBCs and speed of myeloid engraftment after transplantation. The association also implies the existence of an intrinsic numerical balance between true stem cells and their more mature progeny in the rapidly growing fetus, such that increased production and release of mature blood cells must also involve replication and release of stem cells. In this regard, it is of interest that genetic variation in the control of the numbers of cells capable of engraftment has been demonstrated in mice. 16 The findings in this study have practical implications in cord-blood graft selection, given that the number of TNCs per kilogram of the patient's body weight is commonly used to evaluate the engraftment potential of hematopoietic stem cell grafts. [5] [6] [7] [8] [9] [10] [17] [18] [19] [20] [21] [22] The presence of relatively high numbers of NRBCs in some cord-blood units has raised concern from 2 perspectives. First, NRBCs lyse more easily than WBCs on thawing and cause unexpectedly high TNC losses when frozen cord-blood units with many NRBCs are thawed before transplantation (P.W., personal communication, June 2001). From this perspective, CFC or CD34 ϩ cell counts provide a more stable index. Alternatively, the contribution of NRBCs to the TNC count should be reported so that clinicians can anticipate this loss. Second, there is concern that inclusion of NRBCs in the TNC count might exaggerate estimation of the effective cell dose. Our results indicate, however, that the presence of NRBCs in a PCB graft does not reduce its engraftment potential. Rather, high NRBC counts identified PCB units that engrafted faster than units supplying the same TNC dose but lacking NRBCs.
In summary, the presence of some NRBCs in the peripheral blood at birth is the "norm." The significant correlation between the NRBC and progenitor cell counts and their positive association with engraftment indicates that inclusion of NRBCs in the TNC count does not reduce the effectiveness of the prefreezing TNC count as an index of the quality of PCB units as grafts. Thus, the presence of high NRBC counts in umbilical cord blood should not a priori disqualify a PCB unit for transplantation, although an elevated number might justify further investigation into its possible causes. Accurate NRBC counts, however, would inform transplantation physicians to expect the apparent, but unimportant, reduction in nucleated cell counts on thawing of PCB grafts that contain high concentrations of NRBCs.
